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ABSTRACT

Absolute differential cross sections have been measured for the reac-
tion °Be(a,n)*?C leaving 2C in its ground, first-excited, and second-
excited states as a function of angle and alpha bombarding energy. The

¢ angular distribution for the ground-state (O+ state) transition changed

i from a fore-aft peaking at E, = 6.8 MeV to a three-peaked angular distri-

R bution at E, = 9.9 MeV. Similar behavior was observed for the second-
excited-state transition (0+). The angular distribution for the first-

excited-state transition (2+) displayed fore-aft peaking and was not

sensitive to bombarding energy. A strong, low-energy neutron component,

present at forward angles at all bombarding enf})%é/e can be accounted

for by three- and four-body breakup reactions.? determined that neutrons

with energy < 0.5 MeV account for ~ 30% of the total neutron production /
cross section from this reaction. :
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I. INTRODUCTION

Energy spectra of neutrons produced by *He'*

ion bombardment

of ®Be were measured as a function of neutron emission angle 8

and bombarding energy %x’ for %1 = 6 to 10 MeV. Three neutron groups,
the ng, nj, and np neutron groups from the 9Be(a,n)lac reaction,
leaving *3C in the ground, first, and second excited states, were
well resolved in these spectra. Below these groups lay a continuum
of lower energy neutrons from the very broad ng level and from other,
lower Q value, reactions. Without a complex shape analysis1 these
low-energy neutron groups cannot be resolved, so that the low=-
resolution neutron spectrameter used for these measurements proved to
be an adequate choice.

Angular distributions reported previously for Ea = 6 MeV
(Ref. 2) and 10 to 22 MeV (Ref. 3,4) indicate that for the ng group
the data are insensitive to bombarding energy Ea from 10 to 22 MeV
but that at 51 = 6 MeV the angular distribution is quite different.
The present measurements therefore fill in the gap for this interesting
case, and for the nj; and np angular distributions as well.

The neutron spectrum above 0.5 MeV (the cutoff value for the
spectrometer used) and below the np group is of interest in determining
the source of the abundant low-energy neutrons. These spectra have
been angle-integrated to produce o(En) and the results analyzed. The
g(En) for En > 0.5 MeV were then integrated over energy, and the total
cross section so obtained was compared with the flat-counter measure-
ments of Gibbons and Macklin® to determine the approximate spectral

behavior below the 0.5-MeV cutoff of our spectrometer.




II. EXFERIMENTAL PROCEDURE

A beam of *H€* ions obtained from the CRNL 5-MV Van de Graaff
accelerator was energy analyzed with a 90-deg bending magnet, colli-
mated, and focused on a beryllium metal target deposited on a platinum
backing. The target was located at the end of a long Faraday cup. The
target thickness was = 1 mg/cma, producing an energy spread of approxi-
mately 350 keV at 10-MeV bombarding energy.

The sensing element of the neutron spectrometer was a 5-cm-diam
by 5-cem-high cylinder of NE»215* liquid organic scintillator. It
was mounted on an RCA 6810A photomultiplier tube and positioned 45 cm
from the beryllium target. A linear signal was obtained at dynode 10
and a pulse shape discrimination (PSD) signal obtained from a modified
Forte type PSD circuit®’7 which utilizes pulses from dynode 14 and anode.
This circuit rejected gamma-ray pulses and identified proton~recoil
neﬁtron events down to about 0.3-MeV neutron energy (equivalent
electron energy ~ 40 keV.) |

The pulses due to neutrons were sorted in a pulse-height analyzer,
and the energy spectrum was obtained by unfolding the pulse-height
distribution with the FERDoR code?. This code utilizes
a response matrix® obtained in an extended program of calibrating the
organic scintillator response to monoenergetic neutrons for a large
nunter of neutron energies.

The spectrometer was also used to obtain the integrated neutron
flux from a Po-Be neutron source calibrated by the National Bureau of
Standards, and agreement with the NBS value was better than 9%. The
Po-Be spectrum is shown in Fig. 1, along with some careful nuclear

emulsion measurements taken from the literature.®’1©

3
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Fig. 1. Proton Recoil Spectrometer Results for Po-Be Neutron Spectrum
Compared with Nuclear Emulsion Results of Ref. 9 (Dashed Curve) and Ref. 10
(Histogram). The small ( ~ 2 cm x 2 cm) source, calibrated at the National
Bureau of Standards, was used in determining the accuracy of the spectrometer
calibration (5%).




The errors assigned to the neighboring points in the output of the
FERDoR unfolding code are highly correlated. Therefore, the percentage error for
the area under a peak was conservatively taken as about half the percentage error
of the highest point. The systematic error is estimated to be 10%. Two
independent evaluations of systematic error are given in Sections III.B.
and III.E. below. The sources of error include detector calibration,
current integrator calibration, Faraday cup "leakage," and target thickness
uncertainty.

Angular distributions were measured for target and background
contributions. The background was measured with a plain platinum
foil as a target, and was the order of 1%. Carbon deposition on the
beryllium target and on the plain platinum blank was kept very low by
using & liguid nitrogen trap to remove diffusion-pump oil from the
region of the target.

Floor scattering was ignored because only a small fraction of the
source neutrons struck the floor nearby. With a 10 estimate of fast
neutron albedo from concrete, a spectrometer energy cutoff of 0.5 MeV,
and an R? advantage of 10 for source neutrons compared with concrete
albedo neutrons, the estimated floor scattering component was well
below 1%.

ITI. THE WELL RESOLVED LEVELS
A. The Energy Spectrum

In Fig. 2a is shown “the pulse-height distribution at O deg for
%x = T7.96 MeV, and in Fig. 2b is shown the corresponding energy spectrum
reduced to ¢(0,E), the neutron production cross section in laboratory
coordinates. The three well resolved levels corresponded to npg, ni, and
ne neutron groups from the 9Be(oz,n)lzc reaction, and were converted to

a0(6), 01(6), ando, (8) in the center -of-mass system.
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Fig. 2. Cross Section for °Be(w,n) Reactions (Lab System) at O deg for

ga = T.96 MeV. The arrows show the energies of the neutron groups from
Be (o, n 120, 120,* assuming narrow line width.




B. The ng Group

The variation of the cross section of ng neutrons with angle is
shown in Fig. 3 for E, = 6.79, 7.96, 8.91, and 9.92 MeV. At the three
highest energies a three-peaked angular distribution is observed which
does not.change much with Ea. However, the angular distribution changes
significantly between 7.96 and 6.79 MeV. At the lowest energy, it takes
on a two-peaked shape that is very much like the fore-aft peaking re-
ported by Gale and Garg2 atIEa = 5.5 to 6 MeV. At the three higher
energies, the angular distributions are similar to those reported by
Kjellman and Nilsson® for Ea = 10 to. 14 MeV and by Kondo et gl;4 for
Ey = 17.5 to 22 MeV. Thus, 0o(6) shows little dependence on E,
between 8 and 22 MeV. Borrowing from the conclusions of Kjellman and
Nilsson,3 the constancy of angular distribution indicates that direct
reaction mechanisms dominate in the ®Be(Q,ng)*2C reaction for E, > 8 MeV.
Below 8 MeV, strong interference from the compound nucleus effect may
becaome important, as evidenced by rapid variations of og(6) with Ea'

Integration of 0o(6) over angle yielded op at the four values of
Ea‘ The results presented in Table I show a peak at 8 MeV, then a
gradual decrease to E, = 10 MeV. The value of o(%,np) at 9.92 MeV is
22 + 2 mb, and compares favorably with the value 24 + 6 mb calculated
from the observed cross section g(n,0) = 80 + 20 mb (Ref. 11) for
the inverse ground state transition, 12C(n,0g)®Be at E = 14.1 Mev.
The agreement is very good and serves as an independent check on our
systematic error. In addition, we calculated the cross sections of the
“2¢(n,a)’Be ground state transition for the four neutron bombarding
energies corresponding to E = 6.79, 7.96, 8.91, and 9.92 MeV and
neutron bombarding energies of 11.3, 12.1, 12.8, and 13.6 MeV (see

Table I).
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TABLE I.

Total cross section for the well separated neutron groups, ng, ni, and
ng. The total cross section for the inverse 12C(n, oy)®Be reaction

and the corresponding neutron pombarding energy are shown, as calculated

&
i

from the ®Be(Q,ng) cross section.

Ea(&i$?> = c(C@Ei(mb) <, c(?£%3) En(éisg)
6.79 30 138 31 81 11.3
7.96 36 113 ok 103 12.1
8.91 30 66 19 93 12.8
9.92 22 s 1% 72 13.6

TTThe reciprocity relation o(n,0p)(2I; + 1) Md?a = g(opng)(2Iz + 1)
M E wvas used. Iy = 3/2, 1o = 1/2, M, and M are reduced masses, and

Qa, En are in the center-of-mass system.
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C. The n; Group
In Fig. 4 is shown o (6) for four values of E,- The angular

distributions display a persistent fore-aft peaking with & small third

peak at the highest and lowest values of Eof They are much like those
reported by Kjellman and Nilsson® at 10 and 11 MeV, and somewhat similar

to the fore-aft peaking reported by Gale and Garg? at E,=5.5to 6 MeV.
Thus, the variatidn of o1(8) with E,, is rather small between 5.5 and 11 MeV.
The difference in shape between x(p) and o01(8) must be related to the

spins and parities (O+ and 2+ respectively) of the two corresponding

levels for the *2C residual nucleus.

D. The np Group

The variation of 0x(6) with Eoﬂ as seen in Fig. 5, is quite pro-
nounced. At Ea = 9,92 MeV, three peaks can be seen. This changes to a
two-peaked angular distribution at Ea = 8.91 MeV, and to a strong forward-
peaked shape at E, = T7.96 and 6.79 MeV. At the lowest value of E o oo(0)
is very much like the three angular distributions for Ea = 5.5 to 6 MeV
(Ref. 2); while for E, = 9.92 MeV, the shape of o2(8) is very much like
that reported for B, = 9.8 MeV (Ref. 3). Little variation of g;(8) was
observed for E, between 10 and 14 MeV, where o:(0) looks very much like
00 (6). This similarity must be related to the fact that both final

levels in 12C have J* = O+.

E. The O-deg Excitation Functions
The O-deg excitation functions are shown in Fig. 6 for the Ng, ni,
and np neutron groups for q} = 6 to 10 MeV. The np excitation function is
in reasonably good agreement with the high resolution (in %1) results of
Miller and K}avanagh12 (data obtained using a stilbene crystal). However,
our ny and ns curves are 50 to 80% higher; apparently the presence

of the L4.43-MeV gamma-ray pulses (which they used to obtain the
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O-deg cross section for n; neutrons) that appeared below the highest
Nnp neutron pulses in their data resulted 1n a substantial loss of ac-
curacy. Our pulse shape discriminator circuit was very effective in
rejecting these gamma-ray pulses.

While the O-deg excitation functions are of interest as an inde-
rendent check on our systematic error, they may be of limited value in
showing resonance structure. A slight shift of the forward peak in the
neutron angular distribution can result in a very large change of g(0°)
without the presence of a corresponding change of g = fe o(e) &1, the

angle-integrated cross section.

IV. THE LOW ENERGY DETAILS OF THE NEUTRON SPECTRA
A. The Energy Spectrum at a Fixed Angle
In Fig. 2, the peaks below the n, peak ride on a low-energy
continuum which is probably due to the very broad n, level under the
nz peak and some low-energy neutrons from other low-Q-value reactions.
Similar structure was observed in careful time-of-flight work at Ecx= 13.5
;nd 15.9 MeV and was analyzed by Nilsson and K',jellman.l They were able
to separate the ng, ng, and ns levels with the help of shape-analysis
cf the broad ng level. At these values of %x’ the low-energy component
from other reactions did not interfere with analysis of the nj, n4,
and ng neutron groups. They found that the ng level interfered very
slightly with the np level, that it peaked at about the position of the
sharper nz peak, and that it raised the very weak ns peak appreciably.
Thus, in Fig. 2, it appears that the ns peak is raised mostly by the
broad ng, level. The ns peak is raised partly by the tail of the ng4

level, but mostly by low energy neutrons from competing reactions,
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such as ®Be(@,u')®Be* - ®Be + n, 9Be(,®Be)%He - *He + n (T ~ 1021 sec),
and °Be(Q,n) 3, which have much smaller Q-values than the 9Be(qQ,n)*2C

reaction.

B. The Energy Spectrum Integrated over Angle

The neutron prcduction cross section was numerically integrated
over angle according to the prescription c(Ei) = Zj c(ej,Ei) . The
results for Ea = 6.79 and 9.92 MeV are shown in Fig. T. These spectra
show much structure at high neutron energies, as expected, but also
show an evaporation-like component that hardens with increasing Ea.
The hardening is indicated by the increase in "nuclear temperature"
with E, (see Table II), where the "temperature" was obtained from the
slope of a plot of o(En)/ Engc versus En (gc is the neutron capture
cross section of the excited final nucleus, as calculated from con-
tinuun theoryls). This increase in slope implies that the low-energy
neutrons must be due to lower Q-value reactions where three- and four-
body breakup occurs, such as reactions mentioned in the preceding
paragrapt, because the level density of 12¢ is low at these excitation
energies. The three-andfour-body breakup provides a larger number
of degrees of freedom which would explain the presence of the steep

slope (and its variation with Ea) at the low energy region of the

neutron spectrum.

C. The Total Neutron-Production Cross Section
The integral of each neutron spectrum, such as those shown in
Fig. T, provides the total cross section for the production of neutrons
above 0.5 MeV, our spectrometer cutoff. In Table II these totals are
compared with the flat-counter results of Gibbons and Macklin® who used

a 4rx graphite integrating sphere to cbtain g(total) as a function of E,-
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TABLE IT.

Total neutron production cross section as measured with flat counter®

compared to present results for EYl > 0.5 NMeV.
energy end of the spectrum is indicated by the reciprocal slope T

obtained from

=

a

logarithmic plot of g(E)/GCE = exp(-E/T).

The hardness of the low

m

o, above 0.5 MeV

Fraction of total

Reciprocal slope T

E o]

) (5 (b ) > 0.5 MeV (MeV)
6.79 570 390 0.69 0.52
7.96 660 L6 0.71 0.57
8.91 755 535 0.71 0.68
9.92 703 518 0.T4 0.95
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Above 0.5 MeV, we obtain about TO% of their total cross section. Our
results are in agreement with theirs if we maintain roughly the same
slope (see Fig. 7) and integrate the results to zero-MeV neutron energy.
The persistence of these steep slopes at very low neutron energies,

for all four values of bombarding energy E,, can also be much more
plausibly explained with breakup reactions than with the ®Be(Q,u)lZC
reaction. The above inferences assume that there are no systematic
differences in absolute normalization of the present results and those
of Gibbons and Macklin,® a reasonable assumption since both sets of
measurements employed the same targets, Faraday cup, current integrator,

Van de Graaff accelerator and analyzing magnets.

V. SUMMARY AND CONCLUSIONS
From the present data, and those of Refs. 3 and i, the angular
distribution for the ng neutron group is somewhat insensitive to bom-
barding energy for EyZ 8 MeV. (This observation is at variance with

% who have measured oo(8) and

the conclusion of Deconninck et gl;,l
o1(8) between 13 and 23 MeV. Although there are similarities between
their angular distributions and those of Kondo et gl;,4 for 31 = 17.5
to 22 MeV and those of Kjellman and Nilsson® for Ecx= 10 to 14 MeV, it
is not clear that there is substantial fluctuation in the ng angular
distribution between 13 and 17 MeV.) The slow variation of the angular
distribution is perhaps due to direct interactions, with very little if
any interference from compound nucleus effects. It would therefore be
interesting to compare these results with distorted wave Born approxi-
mation (DWBA) calculations in which varying proportions of knock-out
and heavy-particle stripping are used as fitting parameters. Such

fitting has been done for a similar reaction,*3C(o,n)*®0, but with a
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plane wave Born approximation calculation.S

The three-peaked angular
distribution was fitted well with about equal parts of knock-out and
heavy-particle stripping incoherently added. Unfortunately, the plane
wave Born approximation 1s probavly too crude an approximation to DWBA
calculations (e.g. see Ref. 16) and some backward peaking can be ob-
tained with DWBA calculations without assuming the heavy-particle
stripping mechanism of Owen and Madansky.l7

The neutron spectra at low energies show a strong low-energy com-
ponent in the forward hemisphere. Integration of these spectra over
angle results in a spectrum ¢(E) with a low energy component that behaves
much like that expected for three- and four-body breakup reactions of
relatively low Q-value. Integrating this spectrum from the 0.5-MeV
spectrometer cutoff to maximum neutron energy, and camparing the results
with the total cross section measured with a Ly flat counter,® we find
that the low-energy component contributes appreciably to the total
®Be(o,n) yield. This finding is.of interest in the shielding of space

8 since

vehicles that may be exposed to solar flare alpha p&x"oicles,:L
beryllium alloys are good candidates for construction of the skin
material of such vehicles. In fact, this area of interest provided

the initial motivation and the support of the present work.
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